INTRODUCTION
The South China Sea (SCS) is a marginal basin with extremely complicated crustal structure and whose evolutional history is associated with continental rifting and seafloor spreading. The magnetic data are among the most important data sets for studying deep crustal structures, geological structure, and the tectonic evolution of this region.
However, the processing and inversion of magnetic data in SCS are facing great difficulties due to the presence of strong remanent magnetization and low magnetic latitudes, coupled with complicated geological and geophysical conditions. This region spans low magnetic latitudes straddling the equator, where the variations of magnetic inclinations are up to 60º. Since the SCS covers a large geographic region that extends approximately 2,300 km north-south and 1,800 km east-west, the earth's curvature cannot be neglected in magnetic data processing. Previous studies on rock properties in the area and surrounding regions show that the oceanic tholeiite in the central basin and igneous rocks on the continental margins have conspicuous remanent magnetization (Yao et al, 2006; Hao et al, 2009 ). Additionally, co-existing oceanic crust, continental crust and transitional crust, multiple-period seafloor spreading, and complex rock types of varied genesis produce the complex pattern of magnetic anomalies in this region. These factors combined pose significant challenges for processing and inversion in SCS and we must adopt specific methods to deal with them.
One method to tackle the influence of strong remanent magnetization is to use amplitude data because they are weakly dependent upon the magnetization direction. When remanent magnetization is strong and its orientation is considerably different from the current geomagnetic field, it is unreasonable to take the geomagnetic field direction as that of the magnetization for either RTP transformation or for inversion. The amplitude data, however, places the anomaly peak approximately over the source bodies and can also be inverted directly to recover the magnitude of the total magnetization (Shearer, 2005; Li et al., 2010) . This approach is more effective to circumvent the need for the magnetization direction in the quantitative interpretation of magnetic data. An alternative approach is to invert for the 3D distribution of magnetization vectors (Lelièvre and Oldenburg, 2009 ).
To utilize amplitude data, we must first calculate them from the total-field magnetic data. However, the amplitude calculation in SCS encounters a new difficulty. The amplitude data require three orthogonal components of the magnetic anomalies, which must be calculated from the total-field anomalies. The most common approach to calculating the three components is by using the wavenumber-domain method (Pedersen, 1978) . However, the multiple factors such as low magnetic latitudes, highly variable directions, and earth's curvature render the wave-number method invalid. To solve this problem, we employ the equivalent source technique (Dampney, 1969) to calculate the three components in the space-domain.
The strategy of combining the equivalent source technique and amplitude inversion to invert magnetic data acquired over rugged terrain and affected by strong remanent magnetization has been shown to be effective in small scale applications (Li and Li, 2014) . We apply a similar approach to the SCS data on a much greater scale.
In this paper, we present our work on inverting a set of magnetic data from the central basin of SCS by jointly using the equivalent source technique and 3D amplitude inversion. We establish the basic workflow for this approach and demonstrate that the procedure is effective to invert magnetic data acquired at low magnetic latitudes over a large region in the presence of strong remanent magnetization.
SUMMARY
Directly interpreting total-field magnetic anomaly data in the South China Sea (SCS) can be difficult because of the complex patterns associated with low-latitude anomaly projection and the presence of remanent magnetization. Additional difficulty arises from the fact that the ambient field direction, thus, the total-field anomaly projection direction, varies over a wide range in the area. To alleviate these difficulties, we present a strategy by using magnetic amplitude data analyses and inversion. Equivalent source processing is used to calculate the amplitude data in the space domain since the wavenumber-domain method is no longer applicable due to low and highly variable inclination. The amplitude data serve the role of reductionto-pole (RTP) transformation for structural interpretation. We then carry out the amplitude inversion to generate a 3D subsurface distribution of effective susceptibility. The inversion results show that this approach is feasible and effective in SCS.
AMPLITUDE CALCULATIONS USING THE EQUIVALENT SOURCE TECHNIQUE AT LOW MAGNETIC LATITUDES
The amplitude of the anomalous magnetic vector is defined as Amplitude data are usually calculated through the wavenumberdomain transformation from the total-field anomalies to three orthogonal components. However, such a calculation can be unstable at low magnetic latitudes. This issue can be seen through the following theoretical analysis.
The transfer function for calculating the vertical component from total-field anomalies in the wavenumber domain can be written in the pole-coordinate form as follows 1 ( , ) cos cos( ) sin As the inclination I approaches zero (i.e. near the magnetic equator) the transfer function become singular, which causes the conversion process to become unstable. This difficulty is similar to the commonly known instability of low-latitude reduction to the pole (RTP).
As the average magnetic declination in SCS is approximately 0º, the anomalies a B are dominated by the B ax component. Thus the transformation of the total-field anomalies to horizontal component, B ay , and vertical component, B az , will be severely affected by the aforementioned instability.
Furthermore, the wavenumber-domain conversion assumes that the anomaly projection direction is constant, whereas the inclination I changes significantly in the study area. For these two reasons, the wavenumber-domain method of component conversion is not applicable for this study.
To overcome this difficulty, we adopt the equivalent source method (Dampney, 1969) to calculate amplitude data in the space-domain. We first construct an equivalent susceptibility layer by formulating it as a linear inverse problem. To accommodate the variable inclination, we allow each datum of the total-field magnetic anomaly to have a different anomaly projection direction. We generate the direction (inclination and declination) from the IGRF model. We then carry out forward modeling using the equivalent susceptibility layer to obtain three orthogonal components and amplitude data.
MAGNETIC DATA IN CENTRAL BASIN OF SCS
The South China Sea has a unique evolution with Cenozoic continental rifting and seafloor spreading. The oceanic basin of SCS is an important region for understanding oceanic crust formation and evolution of the SCS. The magnetic strips reveal the information about the formation and evolution of the SCS basin through identification and comparison of these strips (Briais et al., 1993; Yao et al., 2006; Li et al., 2011) . However, the structural interpretation directly from total-field magnetic anomaly is difficult because of the complex patterns associated with low-latitude projection and the presence of remanent magnetization.
We select a subset of the data from SCS basin that covers a series of linear magnetic anomalies, a sea floor spreading axis, and different oceanic and continental crusts. The area of the study is shown in Figure 1 . (Figure 2b ), total-field magnetic anomalies (Figure 2c) , and the corresponding inclination of the geomagnetic field (Figure 2d ). The magnetic data exhibit linear features with a strike in a N-E direction in general and magnitudes around 100 nT, which are approximately parallel to the spreading axis. These magnetic lineaments are dominated by remanent magnetization and the magnetization directions in adjacent stripes are approximately opposite to each other. This is due to the polarity reversal of the geomagnetic field during the periods of seafloor spreading. The inclination of the geomagnetic field ranges from 3° to 19° (Figure 2d ). The declination change is much smaller, approximately 1.6°.
FEATURES IN AMPLITUDE DATA IN CENTRAL BASIN OF SCS
To obtain the amplitude data in such low magnetic latitudes with high variations of inclination, we first construct a 3-layer equivalent source consisting of contiguous cells of 5km by 5km by 1km located 5 km below sea level and allow their susceptibility values to change freely. Then we employ a regularized equivalent source construction with variable directions of the inducing field. We select the optimal equivalent source layer by using an L-curve criterion to determine the regularization parameter. The amplitude data calculated from this procedure are shown in Figure 3 . The amplitude data show a north-south zonation and east-west partitioning in general. Based on the amplitude features and combined with knowledge of the formation of the oceanic crust and the stages of sea floor spreading in SCS characterized by previous research (Yao et al., 2006; Li et al., 2011) , the area can be divided into four subareas: (1) Zhongsha-Xisha block.
(2) East Sub-basin. (3) Southwest Sub-basin. (4) NanshaZengmu block. These subareas are marked on the amplitude data in Figure 3 .
The Zhongsha-Xisha block is exposed in the northwest corner where amplitude data are highly variable and exhibit clear patterns. To the south is Nansha-Zengmu block with many smaller high-and low-amplitude anomalies in a background of low values, except for an E-W oriented high amplitude stripe appearing near 10° north. In the central basin, the amplitude data in general show the north-south zoning (oscillating from high to low then high values from north to south), which may be associated with the sea floor spreading stages. We surmise that the transition suggests a tectonic boundary of oceanic crusts from two different ages in East Sub-basin (see white dashed line at approximately 14° north in Figure 3) . Meanwhile, the amplitude data delineate an east-west partitioning, which indicates a series of tectonic transform zones or transform faults separating the basin. We surmise the existence of a S-N oriented fault (F 1 ), which divides the central basin into East Sub-basin and Southwest Sub-basin. For reference, we have indicated the locations of five NW-SE oriented transform faults (T 1 to T 5 ) which traverse at high angles to the sea floor spreading axis (Li et al., 2011) .
AMPLITUDE INVERSION FOR MAGNETIZATION DISTRIBUTION
Next, we carry out a 3D amplitude inversion to construct the subsurface distribution of the magnetization represented as effective susceptibility. The resultant 3D distribution of subsurface effective susceptibilities below the bathymetry and topography (892m to -4857m relative to the sea level) down to a depth of 22 km is shown in Figure 4 . The distribution of effective susceptibility exhibits a series of lineations in approximate E-W and NE-SW directions. To delineate the variations of 3D magnetic structure of this region in more detail, we extract bathymetry, gravity and magnetic anomaly, amplitude data, and inverted effective susceptibility along section AB that approximately corresponds to the location of the middle-southern section of GuangzhouPalawan geosciences transect in SCS (Yao et al.,2006) . We then compare the extracted information with existing geological and geophysical interpretations of this transect. As shown in Figure 5a , the free-air gravity anomaly and bathymetry along the section AB exhibit a positive correlation which could be used to determine the location of the spreading axis and continentaloceanic crust boundary (see line1 and 2 in Figure 5 ). The totalfield anomaly and amplitude data exhibit distinct variations at different sections (Figure 5b) . Figure 5c and 5d display the distribution of inverted effective susceptibility and the interpretation of Guangzhou-Palawan geosciences transect, repectively. As shown in Figure 5c , the distribution of magnetic zones reveals the differences between the oceanic crust and continental crust from north to south along this transect. The section north of 460 km is the oceanic crust where the magnetization magnitude changes strongly in the horizontal direction, alternating between strong and weak magnetization, which is in accordance with the features of magnetic anomaly lineaments in the oceanic basin. Near the spreading axis, magnetism is relatively lower. In the section south of 460 km, the magnetic anomalies and amplitude data have less variability (Figure 5b ). The inverted effective susceptibility changes more smoothly in the horizontal direction and has a greater depth to top of strong magnetization, reflecting the characteristics of the continental crust (Figure 5c and 5d ). 
CONCLUSIONS
We have applied the magnetic amplitude data analysis and inversion to understand the 3D magnetic distribution in SCS. In order to tackle the difficulties caused by low magnetic latitudes that also vary over a wide range, we have employed the equivalent source processing with variable anomaly projection directions. The structural interpretation of the amplitude data and their inversion results show that the above strategy is effective for magnetic data interpretation on a regional scale with complex geology.
